Background: A strip-loaded slot waveguide is a waveguide platform allowing a large amount of degrees of freedom in terms of fabrication. Contrary to other waveguide types where the guiding layer has to be patterned, only the shape of the top layer, usually a polymer, dictates the response of this platform.
Introduction
The constraint of Integrated Optics in term of power consumption pushes the research in the direction of low-loss devices, small footprint elements, and high efficiency components. Such requirements are synonym of highly challenging fabrication methods aiming at near-zero roughness of the waveguide structures, high refractive index materials yielding tight bends and smart hybridization of active materials in the components leading to enhanced optical response of the devices to a stimulus.
Over the years, three types of waveguide-integrated components -in addition to their combination leading to new kind of structures, but based on the same principles -emerged: the low index contrast waveguides (LIC), the high index contrast waveguides (HIC), and the loaded structures on HIC.
The first category consists in creating a higher refractive index region inside a bulk material. It includes ion exchange glasses devices [1, 2] and proton exchange components in lithium niobate or similar material [3, 4] , for instance. They provide extremely low propagation losses values, but the small difference of refractive index between the core and the cladding of the waveguide does not allow sharp bends necessary for small footprint. The second type arose with silicon photonics [5] , which enabled, in optics, the use of CMOS-compatible processes in a very high refractive index material at the telecom wavelengths (1525 nm < λ < 1575 nm). The extreme footprint attainable in terms of bends for example in such components is as small as a few microns [6, 7] . The third structure type originates naturally from the need of very thin bandwidth in HIC components [8, 9] . It consists in a HIC waveguide on top or on the side of which a shallow pattern is created. It is indeed well known that a Bragg grating, for instance, can open a photonic band gap in the transmission spectrum of the waveguide in which it is engraved and the width of this band gap depends directly on the refractive index difference (Δn) of the features [10] . Sidewall and top corrugation, i.e., shallow patterning of the side or top of the waveguide with amplitudes of a few tens of nanometers, were then used [11] . These features, affecting less the optical mode than a trench in the waveguide, provide narrower bandwidth, and are thus more adapted to wavelength (de)multiplexing.
Although these solutions provide exceptional results in terms of feature size, optical bandwidth, and enhancement, drawbacks remain concerning the versatility of the devices coming from the choice of the materials and the challenges implied by the fabrication techniques.
We propose in this article to investigate the possibilities offered by a fourth type of waveguide-based structure involving the integration of dielectric loading micro-and nanostructures on LIC waveguides. In our case, we consider a strip-loaded slot waveguide [12, 13] composed of two high refractive index rails separated by a few tens of nanometers thick low refractive index slab. By the slot waveguide effect [14] , the electric field is confined in this thin slab while a polymer strip, patterned on top of this multilayered structure, confines the mode laterally. In such a platform, the fundamental quasi-TM mode is buried and only the end of the evanescent tail of the mode sees the loading strip and the structures patterned in it. It yields a minimization of the scattering losses arising from abrupt variation of refractive index. It is to be noted that the dispersion of each material constituting the waveguide structures presented in this article will affect slightly the response of the device by changing the mode confinement and the effective index of the waveguide. However, in order to keep the discussion focused on the patterning of the loading strip and the shape of the feature, we make the approximation of constant refractive indices within the considered wavelength range.
In this paper, we study first the effect of the loading strip pattern on the modal distribution of the fundamental quasi-TM mode, in order to evaluate how much light is lost by structuring the loading strip. In a second part, we analyze the field confinement in the plane of the horizontal slot waveguide (x, z) to give a comprehensive understanding on the lateral field confinement with different feature shape, i.e., rounded sidewall corrugations Fig. 1 a Sketch of the strip-loaded horizontal slot waveguide platform and the two main nanostructures studied in this article, i.e., rounded corrugations on the side wall of the polymer loading strip and a row of circular holes. b Top view and parameters of the two geometries. c Comparison of the quasi-TM fundamental mode profile (E y ) in the case of a silicon nitride ridge waveguide (blue curve) and a strip-loaded slot waveguide (red curve) and circular holes. Finally, we open the discussion on the creation of arbitrary function using quasi-random two-dimensional patterning. Figure 1a and b illustrate the basic structures we are studying in this article. It is composed of the horizontal slot waveguide with rail thickness t rail , rail refractive index n rail , slot thickness t slot , and slot refractive index n slot < n rail . The lateral confinement is created by the polymer loading strip on top of the horizontal slot waveguide. It has a width w S and a thickness t S . This polymer strip is considered periodically patterned. We define the period p, and the surface fill factor f ¼ S p 2 , with S, the surface of the feature. It is important to note that f is defined with regards to the surface of the period and not to the surface p × w S considering the width of the waveguide. This choice is made to keep independent the width of the waveguide and the shape of the feature.
Results and discussion

Vertical mode confinement
A strip-loaded horizontal slot waveguide confines the quasi-TM mode (electric field oriented along the [12] . We consider here, t slot = 80 nm, t rail = 200 nm, t S = 250 nm, and w S = 1.2 μm, for the refractive index n slot = 1.444 (SiO 2 ), n rail = 2.27 (TiO 2 ), and n S = 1.61 (AZ nLOF) at the operating wavelength λ = 1550 nm. The discontinuities at the boundaries lead to long evanescent tails existing in and even above the polymer strip. The advantage compared to a classical ridge waveguide is the part of the mode in interaction with the loading strip. This depends directly on the ratio of refractive index at the interfaces. This is illustrated in Fig. 1c) , taking examples of the SLSW as described above, i.e., with polymer loading strip and TiO 2 rails, and a silicon nitride (n Si3N4 = 1.9963) ridge waveguide of height 480 nm and width 1.2 μm. It is clear that in the case of the SLSW, most of the electric field is confined far under the surface, although the evanescent tail of the mode can still probe efficiently the surface where the polymer strip (and the nano-pattern) lies. All simulations in this article have been performed using the Finite Difference Time Domain method (OptiFDTD by Opti-WAVE [15] ) and the well-known transfer matrix method. After understanding the behavior of the electromagnetic field 
in the vertical direction, one can take advantage of working with LIC-waveguide-based structure, i.e., using the effective index approximation. This is not always valid for nanostructure on HIC waveguide [16] , but very efficient in our case. This means that knowing the effective index of the fundamental mode of the SLSW with and without polymer (obtained from a previous study [12] ), one can performed two-dimensional calculations.
To illustrate this effect we consider the field distribution of |E y | along a few periods in a yz-plane in the center of the structure. Results are presented in Fig. 2 . A Bragg grating fully open (the pattern extended in the entire lateral direction of the loading strip) is considered in this case. A photonic band gap is opened and we observe the field at the different key-wavelengths of the spectrum, i.e., the air band edge (shorter wavelength), the dielectric band edge (longer wavelength), and the center of the photonic band gap. One can see that the field remains highly confined in the slot waveguide independently on the wavelength. One remarks also that the effect of the loading strip extends to the deeper layers of the stack creating the platform. The behavior of the field is classical for a photonic crystal structure with a higher confinement under the feature (holes, no material) for the air band and under the polymer material areas for the dielectric band. Finally, it is clear that no field is extensively leaking in the cladding layer and scattered out.
By monitoring the input and output field after a 400-period Bragg grating (fully open case), we have estimated the losses of the structure, by simulation, to 0.06 dB/μm in the structure. Most of the field is leaking in the substrate.
Effect of the lateral patterning
In this section we study the effect of the patterning. Changing the refractive index of the loading strip by patterning it as a weaker influence than a direct pattern of the waveguide itself. It yields the necessity of longer rows of features in the propagation direction to obtain a significant opening of the photonic band gap, as shown in Fig. 3a) . However, it allows a much thinner bandwidth of the photonic band gap, see Fig. 3b ). The mode is buried and its overlap with the pattern is less than in the case of a strip waveguide, for instance. We showed in Ref. [12] that the width of the waveguide affects the shape of the mode, which changes from a Lorentzian shape to a Gaussian shape with an increasing width. Figure 4a and b show the effect of the waveguide width on the transmission spectrum of the structure for the two geometries. The first observation is a drift of the photonic band gap towards the longer wavelengths. One can also see that the intensity of the transmitted field is higher around the photonic band gap when the waveguide width is increased, i.e., the mode is Gaussian-like. It corresponds to less field outside the region under the loading strip, which means a better confinement and thus a higher interaction with the pattern. It also means less leaking in the slab-slot waveguide, as we will see later in this article. Figures 4c and d are illustrating the effect of the fill factor on the spectrum for the rounded corrugation grating and the row of circular holes. It is to be noted once again that the fill factor is defined with respect to the period surface (p 2 ) and is not related to the width of the waveguide but only to the feature itself. This explains why a photonic band gap exist also for extreme values of f. Such a choice allows us to understand how the material distribution on top of the horizontal slot waveguide affects the mode. One can see in both cases a slight shift of the photonic bandgap and small variation of its bandwidth. These results make clear that using a loading strip on top of a slot waveguide in a low index contrast waveguide configuration, i.e., no etching of the guiding layers, allows more relaxed fabrication. The structure is indeed less sensitive to small variations. One can see here also that the photonic band gap is more emphasized in the case of the rounded corrugation.
It becomes thus important to observe the field distribution of the mode inside the slot waveguide. Figure 5 displays the spectra and the |E y | distributions for a fully open Bragg grating, a rounded sidewall corrugation, and a row of circular holes, for a wavelength at the center of the photonic band gap. One can immediately see that the field tends to leak out of the waveguide (laterally) in the case of the simple Bragg grating while it remains centered under the strip in the two other cases. This is proven by the decrease of transmission at shorter wavelengths. Comparing the holes and the rounded corrugation, one can remark a more intense lateral confinement under the loading strip for the corrugated case. This proves that the field distribution is very sensitive to the material distribution although the amount of material remains the same.
Towards random nanophotonics
This brings us to consider different shapes for the feature while keeping the period and the fill factor constant. To simplify the interpretation of the results, we first consider a row of elliptical holes instead of circular ones. The top first spectrum in Fig. 6 , shows how the photonic band gap opens. The extinction ratio is high, but the air band transmission is low. This is to be expected since this case of an ellipse elongated in the lateral direction, with respect to the waveguide propagation direction, is close to the fully open Bragg grating. Rotating the feature by an angle θ (from the x-axis) we progressively decrease the overlap between the mode and the feature, which is equivalent to a decrease of refractive index contrast. This leads to a reduced bandwidth and a lower extinction ration, while keeping the number of period constant to N p = 200, as we can see in Fig. 6 . One can remark that an increasing θ goes with an increasing transmission on the edges of the photonic band gap. The side modulation is also considerably reduced. The amount of material on the side of the features increasing, the field remains more confined under the strip. The 60°-case is particularly interesting since it corresponds to ellipses overlapping with the next period. It yields to an effective change of fill factor and results in a slightly higher extinction ratio.
To show that the material distribution does not affect much the spectrum in terms of position of photonic band gap, we performed simulation of an arbitrary shape for the feature. The transmission spectra for this particular geometry, the row of holes and the 60°-tilted ellipses are shown in Fig. 7 . One can see that only a change in the extinction ratio is relevant to mention. This allows us to conclude that the position of the photonic band gaps depends (beside the refractive index contrast) on f and p. The material distribution affects the shape of the photonic band gap.
Conclusion
In this paper, we have demonstrated by simulation that nano-patterns on top of an SLSW platform can be realized with less demanding fabrication processes. The degree of liberty offered by this platform becomes of utmost importance when considering optics at different scale from millimeter to nanometer sizes. Considering nanometric patterns, it is obvious that the interaction will be nearly negligible in the lateral direction while the effect will be significant in the propagation direction. One direction serves for spectral shaping while the other can be used as mode shaper, which is useful for loss reduction in bends, for beam splitting, coupling zones, and other (de)-multiplexers.
Methods
Design and materials
The SLSW platform has been conceived to operate at λ = 1550 nm. The two high refractive index rails are composed of titanium dioxide (TiO 2 , n rail = 2.27) and have a thickness of t rail = 200 nm. The slot region is made of silicon dioxide (SiO 2 , n slot = 1.44) for a thickness t slot = 80 nm. The layers have been deposited on an oxidized silicon wafer by atomic layer deposition [12] . The thermal oxide layer has a thickness of 3 μm. The pattern (or strip) on top of the stack is a resist for electron beam lithography (AZ-nLof − 2070, MicroChemicals) with refractive index n s = 1.6.
Effective index
To simplify the simulations we used the effective index approximation method. It allows to reduce to two dimensions a three-dimensional problem. The effective indices of the fundamental TM mode (slot mode) with and without the loading polymer layer are 1.7081 And 1.6171, respectively.
Finite difference time domain method
The finite difference time domain (FDTD) method is based on the discretization in space and time of the Maxwell's equations [17] . It allows a computation of the electromagnetic field inside the structure and a visualization of the modes considering TM-polarized light (E y ). We performed two-dimensional simulations (OptiFDTD by OptiWAVE [15] ). In the case of Fig. 2 , we observed the field propagating in a structure invariant in the x-direction. We used for these calculations the refractive indices of the materials (measurements done by ellipsometry). In all other cases, we used the effective index approximation as described above. This allows to take into account the vertical confinement of the mode while reducing the calculation time.
Abbreviations HI: High index; LI: Low index; SLSW: Strip-loaded slot waveguide
